Defects in DNA strand break repair can trigger seizures that are often intractable and life-threatening. However, the molecular mechanism/s by which unrepaired DNA breaks trigger seizures are unknown. Here, we show that hyperactivity of the DNA break sensor protein poly(ADP-ribose) polymerase-1 is widespread in DNA single-strand break repair defective XRCC1-mutant mouse brain, including the hippocampus and cortex. We demonstrate elevated seizure-like activity in
XRCC1 or in one of its protein partners (17) . Seizures in humans are often intractable, progressive, and can result in premature death, a phenomenon known as Sudden Death During Epilepsy (SUDEP). However, nothing is known about the molecular mechanism/s by which unrepaired DNA strand breaks trigger these events.
Recently, we demonstrated using the Xrcc1 Nes-Cre mouse model that SSBRdefective cerebellum possesses elevated steady-state levels of poly(ADP-ribose) resulting from the hyperactivation of PARP1 and leading to the loss of cerebellar interneurons and ataxia (17, 20) . PARP1 hyperactivity has been proposed trigger cytotoxicity by several mechanisms including excessive depletion of NAD + /ATP, inhibition of glycolysis, and/or by a specialised type of apoptosis triggered by excessive levels of poly(ADP-ribose) known as parthanatos (21) (22) (23) (24) (25) (26) . However, the extent to which PARP1 hyperactivation impacts on neurological function in response to endogenous DNA damage is unknown. Here, we have addressed this question.
Strikingly, we show that elevated levels of poly(ADP-ribose) extend beyond the cerebellum and are widespread across SSBR-defective brain, including the cortex and hippocampus. We show that Parp1 deletion ablates poly(ADP-ribose) accumulation in SSBR-defective brain and elevated seizures both in vitro and in vivo. We also show that Parp1 deletion prevents juvenile mortality in Xrcc1 Nes-cre mice, extending their lifespan up to 25-fold. These data identify PARP1 hyperactivation as a major molecular mechanism by which endogenous DNA damage triggers neurological seizures and death.
Results
Poly(ADP-ribose) levels are elevated throughout single-strand break repairdefective brain. To examine the extent to which PARP1 hyperactivity might underlie the neuropathology induced by endogenous single-strand breaks (SSBs) we measured the steady-state level of ADP-ribose across Xrcc1 Nes-cre mouse brain by immunohistochemistry. Strikingly, we detected increased levels of ADP-ribose throughout Xrcc1 Nes-cre brain, including the cerebral cortex, with anti-ADP-ribose immunostaining particularly strong in the cerebellum and hippocampus ( Fig.1a & 1b) .
The elevated anti-ADP-ribose signal resulted from PARP1 activity because Parp1 deletion in Xrcc1 Nes-cre mice reduced this signal to levels similar to or below those in wild-type brain ( Fig.1b ; Parp1 -/-/Xrcc1 Nes-cre ). Notably, we did not observe elevated ADP-ribose immunostaining in brain from Ku70 -/mice, in which non-homologous endjoining (NHEJ) is defective ( Fig.1a & 1b) . NHEJ is the primary if not only pathway available for repair of DNA double-strand breaks in postmitotic cells (27, 28) , confirming that the elevated poly(ADP-ribose) Xrcc1 Nes-cre brain is a reflection of unrepaired SSBs and not DSBs.
That we detected endogenous poly(ADP-ribose) across Xrcc1 Nes-Cre brain was surprising, because in cultured cell lines the level of this polymer is normally detected only following exogenous DNA damage, even in XRCC1-defective cells (17) . This suggests that endogenous SSBs arise more frequently in brain than in cultured cells, perhaps in part explaining why diseases in which SSBR is defective are associated primarily with neurodegeneration. The presence of elevated poly(ADP-ribose) in Xrcc1 Nes-Cre hippocampus was of particular interest, because defects in this region of the brain are often associated with increased seizure activity (29) . The elevated poly(ADP-ribose) in Xrcc1 Nes-cre hippocampus was primarily if not entirely present in neuronal nuclei, consistent with the nuclear defect in SSBR ( Fig.2a , top panels), and was present as discrete nuclear foci, presumably reflecting sites at which unrepaired endogenous SSBs are induced and/or concentrated. We also detected elevated levels of gH2AX in Xrcc1 Nes-cre hippocampus, albeit at much lower levels than poly(ADPribose), consistent with previous results (20) and further indicative of the presence of unrepaired DNA damage ( Fig.2a ). Interestingly, whereas the elevated poly(ADPribose) was ablated by deletion of Parp1, the presence of gH2AX was not. This confirms that whilst deletion of the SSB sensor protein ablates poly(ADP-ribose) signalling at unrepaired SSBs in Xrcc1 Nes-cre mice it does not rescue the DNA repair defect.
PARP1 hyperactivation at unrepaired single-strand breaks triggers seizures in vitro and in vivo.
To examine directly whether loss of Xrcc1-dependent SSBR results in elevated seizure activity in hippocampus we conducted electrophysiological experiments. Continuous extracellular recordings were made from the hippocampal CA3 region of acute brain slices during perfusion into an epileptogenic solution, and the onset of seizure-like events was recorded. Seizure-like activity was indeed significantly higher in Xrcc1 Nes-Cre hippocampus in these experiments, with this activity beginning sooner and occurring more frequently over the time course of the experiment (Fig.2b) . Indeed, the mean cumulative number of seizure-like events was ~4-fold greater in hippocampus from Xrcc1 Nes-Cre mice than in wild type mice ( Fig.2c &   2d ). Importantly, this elevated seizure activity was reduced and/or prevented if one or both alleles of Parp1 were deleted, implicating Parp1 hyperactivity as a cause of the elevated seizure activity in SSBR-defective hippocampus, in vitro ( Fig.2c & 2d ).
Next, we examined whether Parp1 activity is similarly responsible for the elevated seizures reported in Xrcc1 Nes-Cre mice, in vivo. Since the seizures in Xrcc1 Nes-Cre mice are sporadic, we monitored Xrcc1 Nes-Cre mice by infrared video imaging and recorded the frequency of seizures for a four-day period, from P15. In contrast to wild type mice, in which we failed to observe any seizures, Xrcc1 Nes-Cre mice exhibited numerous mild/moderate seizures during the same timespan ( Fig.3a) . Moreover, the seizures became more frequent and/or severe during the course of the experiment, ultimately resulting in a terminal seizure and death ( Fig.3a ). Seizures have similarly been associated with death in humans, resulting in a condition denoted Sudden Unexpected Death During Epilepsy (SUDEP) (30, 31) . Importantly, we failed to detect seizures over the same time period in Xrcc1 Nes-Cre mice in which one or both Parp1 alleles were deleted ( Fig.3a) . These data indicate that Parp1 hyperactivation triggers seizure activity in the absence of efficient SSBR not only in vitro, but also in vivo. To our knowledge, this is the first demonstration that seizure activity can be triggered by Parp1 activity.
PARP1 deletion prevents juvenile mortality in single-strand break repairdefective mice. The cause of death in Xrcc1 Nes-Cre mice during seizure is unclear but, similar to SUDEP, is likely to result from the disruption of normal cardiac or respiratory function (32) . Moreover, the observation of fatal seizures in Xrcc1 Nes-Cre mice provides a plausible explanation for the juvenile mortality reported previously in this mouse model (33) . To test this directly, we examined the impact of Parp1 deletion on the lifespan of Xrcc1 Nes-Cre mice. The median lifespan of Xrcc1 Nes-Cre mice in our cohort was ~3-4 weeks, consistent with the age at which we detected terminal seizures by video imaging (Fig.3b ). Moreover, the longevity of Parp1 +/-/Xrcc1 Nes-Cre and Parp -/-/Xrcc1 Nes-Cre littermates in which one or both Parp1 alleles were additionally deleted was increased ~7-25 fold; with median lifespans of 23 and 79 weeks, respectively (Fig.3b ).
That deletion of one Parp1 allele prolonged the lifespan of Xrcc1 Nes-Cre mice to a greater extent than deletion of both Parp1 alleles suggests that whereas loss of one Parp1 allele is sufficient to suppress Parp1-induced cytotoxicity, loss of the second allele eradicates an additional role for Parp1 in Xrcc1-defective brain that is important for survival.
Discussion
DNA single-strand breaks (SSBs) arise in cells several orders of magnitude more frequently than DNA double-strand breaks (DSBs) and if not repaired rapidly these lesions can block the progression of DNA and RNA polymerases (17) . The collision of DNA polymerases with SSBs during DNA replication can result in replication fork collapse and the formation of DSBs (8-10, 34, 35) . However, cells possess effective and accurate homologous recombination mechanisms by which replicationassociated DSBs can be repaired using an intact sister chromatid (36) (37) (38) , perhaps explaining why human diseases in which SSBR is attenuated do not result in markedly elevated genome instability and cancer. Consistent with this idea, cells from individuals with genetic defects in SSBR possess elevated levels of sister chromatid exchange; a hallmark of homologous sister chromatid recombination (16, 17) . In contrast, post-mitotic cells lack sister chromatid recombination and so are more reliant on SSBR, most likely explaining why defects in the latter pathway are primarily associated with neurological dysfunction.
Arguably the most severe pathology arising in SSBR-defective disease are neurological seizures. However, the molecular mechanisms by which unrepaired DNA single-strand breaks trigger these events are unknown. Here, we have identified one such mechanism. We reveal that levels of poly(ADP-ribose) are elevated across Xrcc1 Nes-Cre brain, with high levels particularly evident in cerebellum and hippocampus;
regions of the brain associated with seizure activity. The presence of elevated poly(ADP-ribose) is consistent with the SSBR defect in Xrcc1 Nes-Cre mice, because the synthesis of this polymer by poly(ADP-ribose) polymerases is triggered by SSBs (2, 3, 39) . Nevertheless, that endogenous poly(ADP-ribose) is detectable in Xrcc1 Nes-Cre brain is surprising because in cultured cell lines the level of this polymer is normally detected only following exogenous DNA damage, even in XRCC1-defective cells. One possible explanation is that some sources of stochastic SSBs arise at much higher frequencies in brain than in cultured cells. For example, one possible source of SSBs arising specifically in brain are those resulting from elevated oxidative stress during glutamate excitotoxicity (40, 41) .
In addition to stochastic sources, it is also possible that SSBs arise in a 'programmed' manner in brain as a result of elevated topoisomerase activity and/or base excision repair associated with gene transcription and/or epigenetic reprogramming. For example, the abortive activity of topoisomerase I during gene transcription results in protein-linked SSBs that require SSBR for removal, and defects in the repair of these lesions is implicated in neurodegenerative disease (16, 19) .
Similarly, epigenetic reprogramming involves removal of 5'-methylcytosine and 5'hydroxymethylcytosine by mechanisms that employ base excision repair, during which SSBs are an obligate intermediate. Whilst such beaks have not yet been implicated in neurodegenerative disease, 5-hydroxymethylcytosine is highly enriched in brain (42, 43) .
These data are the first to demonstrate a molecular mechanism by which unrepaired DNA strand breaks trigger neurological seizures. Seizures are potentially lethal events, associated with a condition denoted Sudden Unexpected Death During Epilepsy (SUDEP) (30, 31) . Indeed, Xrcc1 Nes-Cre mice exhibit a dramatically shorted lifespan, which we have now established by video imaging is due to episodic epilepsy leading ultimately to a fatal seizure. The cause of death in Xrcc1 Nes-Cre mice during seizure is unclear but, similar to SUDEP, is likely to result from the disruption of normal cardiac or respiratory function (32) . The discovery that genetic deletion of one or both Parp1 alleles increased lifespan of Xrcc1 Nes-Cre mice by 7-25 fold is striking.
Surprisingly, deletion of one Parp1 allele prolonged the lifespan of Xrcc1 Nes-Cre mice to a greater extent than did deletion of both Parp1 alleles. This indicates that whereas loss of one allele of Parp1 is sufficient to suppress Parp1-induced cytotoxicity, additional loss of the second allele eradicates an as yet unidentified role for Parp1 in Xrcc1-defective brain that is important for long-term survival.
To our knowledge, the level of life-span extension observed in these experiments is unprecedented in a DNA repair-defective mouse, and is particularly notable in that the level of DNA damage in Xrcc1 Nes-Cre brain is not reduced by Parp1
deletion. There are a number of reported mechanisms by which PARP1 hyperactivity can trigger cell death including excessive depletion of NAD+, inhibition of glycolysis, and/or by a specialised type of apoptosis known as Parthanatos (21) (22) (23) (24) (25) (26) . It will now be of interest to determine which of these mechanisms is triggered in XRCC1-defective brain.
In summary, we reveal here that Parp1 hyperactivity is a major molecular mechanism by which seizures and shortened lifespan are triggered by endogenous unrepaired DNA single-strand breaks. Nes-Cre , and Ku70 -/mice were reported previously (17, 20, 44) . Intercrosses between Parp1 −/− and Xrcc1 +/loxp mice were maintained in a mixed background C57Bl/6 × S129 strain and housed on a 12 h light/dark cycle with lights on at 7:00.
Figure Legends
Temperature and humidity were maintained at 21 °C (± 2 °C) and 50% (± 10%), Immunohistochemistry was conducted as described previously (17 and were provided with bedding, minimal nesting, food pellets and a water source.
Mouse pups of the indicated genotype were housed with mother and a control sibling from P15 up to P20. Video recordings were observed after recording and the number of running-bouncing-seizures was quantified. 
